Abstract: This fundamental research is concerned with the crack detection of a concrete pillar combined with a concrete hexahedron, which is a model of the base pile of a bridge pier. Stationary waves are generated in the pillar by hitting the head of the concrete hexahedron with a hammer. An acceleration pickup on the hexahedron observes the stationary waves generated inside the concrete pillar through the concrete hexahedron. The proposed method measures not only the length of the pillar but also the depth of the crack in the pillar by modeling the sensor output as an output of a linear dynamic system with unknown parameters and applying a maximum likelihood method.
The present paper proposes a highly sensitive detection system which uses an acceleration pickup set on the concrete hexahedron and detects a crack by extracting the stationary waves generated in the piles effectively.
For this purpose, a model of the elastic wave generated in both the base pile and the concrete hexahedron is made and a Kalman filter and the maximum likelihood method are applied. The effectiveness of the sensing system is demonstrated by measuring the length of the pile with no cracks. Experiments will show that not only the location of the crack but also the length of the pile are measured by the proposed method.
MEASUREMENT SYSTEM

Linear dynamic model of the stationary waves
A model of the target concrete structure is shown in Fig.1 together with the experimental setup. When the concrete surface U of the hexahedron is hit with a hammer, stationary waves are respectively generated in the pillar and the hexahedron simultaneously. The sensor picks up these stationary waves simultaneously.
In the concrete pillar, two types of stationary waves are generated. Defining the length of the pillar as L A and the distance from the top of the pillar to the crack as L B , the angular frequencies of the two types of stationary waves S U Fig. 1 A concrete pillar combined with a concrete hexahedron which the pillar has a crack are represented as :
where V 1 is the velocity of the elastic wave in the pillar. On the other hand, the angular frequencies of the stationary waves generated in the hexahedron of sizes L D , L W and L H are given by :
where V 2 is the velocitie of the elastic waves in the hexahedron and (p j , q j , r j ) take non-negative integers such as {0, 1, 2, · · ·}. If we consider a short time interval, the above three types of stationary waves can be modeled as :
Setting the acceleration pickup on the surface U, the higher the mode of the stationary wave is, the faster the
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August 20-22, 2008, The University Electro-Communications, Japan attenuation. Thus, the dominant modes of the stationary waves observed with the sensor are : the 1st, the 3rd and the 5th modes for the concrete pillar and the location of the crack, and the 1st mode for each side of the concrete hexahedron, that is, the three modes corresponding to (p j , q j , r j )=(0, 0, 1), (0, 1, 0) and (0, 0,1). Hence, the sensor output is modeled as
x Cj (t)(6) where x Ai (t), x Bi (t) and x Cj (t)satisfy the following differential equations
Therefore, introducing the state vector
T , we get the following dynamic equatioṅ
where
T is a transition noise vector which compenstates for a possible slight attenuation in the stationary wave with time. w m (t) (1 ≤ m ≤ 9) are assumed to be white Gaussian noise with mean zero and variace σ 2 . By discretizing the system, we get the discrete system
where F is defined as
where ∆T is the sampling period and L
−1
[ · ] denotes the inverse Laplace transform. Also, the transition noise vector w k is defined as
and becomes a white Gaussin noise of mean zero and covariance matrix W (1) . On the other hand, regarding the intrinsic sensor noise and the stationary waves other than those used in the dynamic equation (10), we get the observation equation
In the discrete version, we get
where H is the twelve dimensional observation vector H = [1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 0, 0, 1, 0, 1, 0, 1] and v k is the observation noise at the kth sampling time.
MEASUREMENT OF THE LENGTH OF THE CONCRETE PILLAR AND THE LOCATION OF THE CRACK
In the dynamic system (12) and (16), the length of the pillar L A and the distance from the top of the pillar to the crack L B are unknown. Note that these two parameters are included in the transition matrix F and the transition noise vector w k . Therefore, we now define the unknown
T . If adequate values are once assigned to the parameter vector θ, the state vector x k is estimated with the following Kalman filter because of the white Gaussian property of the noises w k and v k .
Here, V represents the variance of the observation noise v k . The reliability of the parameter vector θ is evaluated with the likelihood function :
) is the conditional probabilistic density function under the parameter θ and the observation history Y
Therefore, the most reliable value of the parameters θ are obtained by maximizing the function with respect to θ. This method is called the maximum likelihood method. With the method, the length of the pillar and the location of the crack are accurately measured.
This measurement system is applicable to the case where several sides of the concrete hexahedron is unknown. That is, in this case, all that is required is to maximize the likelihood function (25) with respect to L A , L B and the other unknown parameters. Fig. 2 Overview of the experiment
S U T
EXPERIMENTS
The overview of the experiment is shown in Fig.2 . In the figure, the concrete pillar is buried into the concrete hexahedron by 160mm from the reason to make the specimen. The other data areL
Furthermore, S and U represent respectively the bottom and the surface (or head) of the concrete hexahedron. Also, T represents the head of the pillar inside the hexahedron. The elastic velocities of the pillar and the concrete hexahedron are V 1 =3,700m/s and V 2 =4,400m/s respectively, which were measured a priori by a two probe method. The acceleration pickup (Toyo Technica, type: PCB352A60SN) was set on the surface U of the hexaherdron at the point just over the concrete pillar, and an impact was given with a hammer on a point near the sensor (about 10mm distant). The sensor output is taken with a sampling period ∆T =0.02ms.
In the experimet, the crack is made by a concrete cutter and the area of the crack is increased from 0% to 100% for the cross section of the pillar.
The case where pillar is normal
The sensor output after the hit is shown in Fig.3 , for reference. We apply our proposed method to the sensor output. Fig.4 shows the likelihood function when the parameters L A and L B are respectively changed in the common region [1.0, 2.5](m). In the figure, the likelihood is represented by a color gradation. The darker the shade is, the larger the likelihood is.
In the figure, the likelihood function takes maximum at 630,1,630 ). We can see that the measured lengths are very close to the true pillar length L A =1, 600mm. From the result, an accurate measurement of the pillar length is achieved by the propoesd method when the pillar is normal. Of course, as both the measured lengths take the same value and this value being very close to the true pillar length, we can, therefore, judge the pillar as normal.
The case where the pillar has a crack
We apply the proposed method for the case where an area of the crack is 10% for the cross section of the pillar. Likelihood fuction for the case is shown in Fig.5 610,1,270 ). These lengths are respectively close to the true values, the length of pillar L A = 1,600mm and the distance from the top of the pillar to the crackL B = 1,300mm. From the result, it is seen that not only the length of the pillar but also the location of crack are accurately measured by the proposed method. Fig.6 shows the measurement result when the area of the crack is changed from 10% to 90% for the cross section of the pillar. In the figure, circle and rectangular marks are respectively the measurement of the pillar length and the distance from the top of the pillar to the crack. Moreover, the solid and the broken lines are respectively the true lengthsL A andL B .
It is seen from the figure that the locations of the crack are acculately measured for all the cases. Furthermore, the pillar length is alse measured for all the cases. However, it is seen that the longer the measued length of the pillar, the larger the area of the crack. The reason why is considered that detours of the elastic wave are caused in the pillar since the cracks are made by a concrete cutter and the cracks therefore have air gaps of about 2mm thickness in this experiment. But, the resluts give us some increased from 10 % to 90 % for the cross section of the pillar useful information. That is, we can recognize that the crack has a relatively large air gap if the measured length is longer than the designed length. Moreover, we can estimate that the longer the measured length of the pillar than the designed length is, the larger the area of the crack.
The serious case where the pillar is broken
We finally apply our method for the case where the pillar is broken. Fig.7 shows the likelihood function for the case. The maximum of the likelihood function is obtained at the point of (L 310,1,310) . The length is almost coincide with the distance from the top of the pillar to the crackL B =1,300. It is found from the result that an accurate measurement of the location of the crack is achieved by the proposed method when the pillar is broken. It is also seen that we can judge the pillar is broken at L 
CONCLUSION
The paper proposed a crack detection system of a concrete pillar which is unified with a concrete hexahedron. For the objective, we used an acceleration pick up. Concretely, the paper modeled the sensor output as the sum of stationary waves generated depending on the pillar length, location of the crack and sizes of the concrete hexahedron and applied a Kalman filter and the maximum likelihood method.
Experiments showed that not only the length of the pillar but also the location of the crack is accurately measured for the case where the area of the crack is only 10% for the cross section of the crack.
